Olfactory receptors (ORs), which belong to the G-protein coupled receptor family, are expressed in various human tissues, including skin. Cells in non-olfactory tissues tend to express more than one individual OR gene, but function and interaction of two or more In contrast, OR51B5 is exclusively expressed in suprabasal keratinocytes, supports cell migration and regeneration of keratinocyte monolayers, influences Hsp27, AMPK1 and p38MAPK phosphorylation and interestingly, IL-6 secretion. These findings underline that different ORs perform diverse functions in cutaneous cells, and thus offering an approach for the modulated treatment of skin diseases and wound repair.
which are usually necessary for auditory and visual functions, could be found in the skin, such as opsin receptors and transient receptor potential channels. They seem to play an important role, for example, in permeability barrier homoeostasis, but their full function is also still under investigation.
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Previously, we identified a novel sensory receptor in human keratinocytes, the OR2AT4, which can be activated by Sandalore and is involved in human keratinocyte proliferation and migration during wound healing. 12 Interestingly, specific ORs showed high expression in each tissue. 2, 12 In contrast to olfactory sensory neurons, cells in non-olfactory tissues tend to express more than one individual OR gene. 6, [9] [10] [11] [12] [24] [25] [26] Nevertheless, the function and interaction of two or more ORs in the same cell type or tissue is only marginally analysed to date.
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Therefore, we investigated the role of OR2A4/7 and OR51B5 in human skin cells and found similarities but also opposite effects on proliferation and re-epithelialization.
| METHODS

| Cell culture and transfection
Human epidermal keratinocytes from juvenile foreskin (single donor)
were purchased from Promocell (Heidelberg, Germany) and cultured in keratinocyte growth medium plus keratinocyte supplements (Promocell). HaCaT cells represent an appropriate model for human primary keratinocytes with respect to morphology and growth characteristics. 27 Hana3A is a HEK293-derived cell line stably expressing RTP1L, RTP2, REEP1 and Gα olf , which supports the heterologous expression of ORs. HaCaT, Hana3A and HEK293 cells were cultured in DMEM containing 10% fetal bovine serum and 100 units per mL of penicillin/streptomycin (Gibco/Invitrogen, Carlsbad, CA, USA). for 48 hours using a standard calcium-phosphate precipitation technique. 30 Sham-transfected cells (control) were only transfected with cofactor mixture.
| Calcium imaging experiments
HaCaT
| Wound scratch assay
The regeneration of wounded monolayers of HaCaT cells and human primary keratinocytes was analysed using an in vitro wound scratch assay as described before by Busse et al. (2014) . The residual overgrowing gap of the migrating cells at 48 hours was measured and expressed relative to the initial scratch area (0 hour).
| Skin organ cultures
Skin organ cultures were prepared from tissue samples derived from patients undergoing routine diagnostic and therapeutic procedures within the Department of Dermatology, University of Münster. All experiments were approved by the Ethical Committee of the University of Münster and performed as recently described. 31 Details of experimental procedures are provided as supplementary information.
| Statistical Analysis
The results are presented as the means±SEM, and n is the number of experiments/cells. The level of significance was set as *P=.05, **P=.01, ***P=.001. Details of statistical analysis are provided as supplementary information.
For detail of materials and methods, see the supplementary information.
| RESULTS
| OR2A4/7 and OR51B5 are expressed in HaCaT cells, human primary keratinocytes and human skin
For initial detection of ectopically expressed ORs in skin cells, we performed next-generation sequencing (NGS) analyses of HaCaT cells (two setups) and compared it with the online available NGS dataset from sun-exposed skin (GTEx study). In total, 11 ORs were detected with a FPKM value (=fragments per kilobase of exon per million fragments mapped) 31 higher than 0.1 (Fig. 1a) . In this study, we concentrated on OR2A4/7 and OR51B5 for functional characterization and deorphanization because both ORs were expressed in both HaCaT cells and human skin (Fig. 1a) . Due to the high homology of OR2A4
and/or OR2A7 (99%), the combined FPKM values are presented as OR2A4/7. In the beginning, also the OR51B4 seems to be of interest for our studies because of its expression in HaCaT cells and human skin and its FPKM values of >0. (Fig. 1c) . In normal skin specimens, OR2A4/7 was detected in suprabasal keratinocytes on the surface in a ring-shaped fashion and in basal melanocytes ( Fig. 1d ; arrows e and f). OR51B5
staining was detectable in suprabasal keratinocytes (intra-cellular; Fig. 1d ; arrow g) but not in the basal layer of the skin ( Fig. 1d ; arrow h).
Control experiments were performed without the primary antibodies and no staining was detectable (Fig. 1c,d ). Moreover, antibody specificity was validated by immunocytochemistry (Fig. S1 ).
To identify specific ligands of OR2A4/7 and OR51B5, a mixture of 100 structurally different odorants (Henkel 100) was screened using the calcium imaging technique as previously described. 33 In contrast to Sandalore, sensitization of HaCaT cells or primary keratinocytes was not detectable with either CHS (Fig. 2c) (Fig. 2f,g ).
| OR2A4/7 and OR51B5 are essential for CHS-and ISO-induced Ca 2+ influx in HaCaT cells
To confirm the importance of OR2A4/7 to the CHS-induced and OR51B5 to the ISO-induced Ca 2+ increase in HaCaT cells, we reduced the endogenous expression level of both receptors using small interfering RNAs (siRNA). Previously, the siRNA functionality was investigated by either a pmirGLO assay ( with siRNA or scrambled RNA (scRNA) against OR2A4/7 (Fig. 3a) or OR51B5 ( Fig. 3c) with CHS or ISO for 30 seconds. For both receptors, the OR-specific siRNA knockdown significantly decreased Ca 2+ influx (Fig. 3b,d ). In contrast to scRNA-transfected cells, HaCaT cells transfected with OR2A4/7-siRNA revealed a 48% decreased amplitude signal. Cells transfected with OR51B5-siRNA exhibited a decreased amplitude signal of 51% (Fig. 3d) . These results confirm the involvement of OR2A4/7 in the CHS-induced Ca 2+ increase and OR51B5 in the ISO-induced Ca 2+ increase in HaCaT cells.
Previous studies in HeLa cells indicated that some GPCRs are involved in cytokinesis. RNAi knockdown of these receptors, including OR2A4/7, increased binucleated HeLa cell formation. 3 We therefore investigated whether RNAi knockdown of OR2A4/7 in HaCaT cells also influences cytokinesis. Interestingly, OR2A4/7 knockdown in HaCaT cells increased bi-and multinucleated cell formation (Fig. 3e) . Quantification of multinucleated cell formation in HaCaT cells transfected with either OR2A4/7-siRNA or OR2A4/7-scRNA revealed that siRNA transfection enhanced incomplete cell separation.
Therefore, 54% of cell bodies were multinucleated compared to 2% multinucleated cells in scRNA-transfected cells (Fig. 3f ).
| CHS and ISO influence the physiological functions of HaCaT cells and human primary keratinocytes in different ways
To examine and compare the physiological functions of OR2A4/7
and OR51B5 in HaCaT cells and human primary keratinocytes, we first investigated the effect of both odorants on cell viability using the caspase3/7-glo assay. However, there was no enhancement of apoptosis after treatment of HaCaT cells and primary keratinocytes with either CHS (100 μmol/L; for long-term stimulation, higher concentration of CHS seems to elicit unspecific side effects) or ISO (500 μmol/L) for 2 days (Fig. 4a) . Next, we analysed the influence of both odorants on cell proliferation using the CyQUANT cell proliferation assay. In contrast, CHS significantly increased cell proliferation of HaCaT cells and primary keratinocytes, whereas ISO stimulation had no impact on cell proliferation (Fig. 4b) . Because proliferation and cell migration are essential actors in epithelial wound healing [38] [39] [40] [41] and Sandaloreactivated OR2AT4 leads to increased wound healing of keratinocytes, (Fig. 4c) .
In contrast, exposure to ISO (500 μmol/L; 48 hours) significantly accelerated the regeneration rate of the HaCaT cell and keratinocyte monolayers compared with 0.1% DMSO-stimulated control cells (Fig. 4c) . In the next step, we assessed the impact of CHS and ISO on human skin organ explants as an ex vivo model of epidermal wound healing. We measured the length and size of the epidermal tongues in full-thickness skin explants after treatment with CHS (100 μmol/L), ISO (500 μmol/L) and 0.1% DMSO (control) for 5 days. Remarkably, ISO but not CHS significantly increased the length and area of epidermal tongues (Fig. 4d) .
Cytokine release and kinase phosphorylation are essential modulators of many cellular processes, including cell proliferation and wound healing. [42] [43] [44] [45] To determine the signalling factors and pathways that kinase and AKT phosphorylation (Fig. 4f) . In contrast, CHS treatment also leads to up-and downregulation of protein phosphorylation, but less abundantly than ISO. The strongest upregulation of phosphorylation after CHS treatment was detectable for the proteins Hsp60 and AKT, and strongest downregulation was observed for the proteins Chk-2 and Yes (Fig. 4f ).
| DISCUSSION
In the last few years, more and more ectopically expressed neuroreceptors, such as visual and auditory receptors, could be identified, also in the skin. Surely, they are no atavism because several functions of these receptors could be identified, for example regulation of barrier homoeostasis. Nevertheless, the broad function spectrum of these ectopic receptors is only marginally analysed to date. [20] [21] [22] [23] According to these results, also more ectopically expressed human ORs have been identified, and the functionality of ORs in non-olfactory cell types has become better understood. [10] [11] [12] 12, 24, 26 Nevertheless, the function and interaction of two or more ORs in the same cell type or tissue has rarely been investigated. Because skin comes into frequent contact with these odorants, it is necessary to identify their impact on our skin.
CHS and ISO, the agonists of OR2A4/7 and OR51B5, respectively, also 
50,51
Appropriately, CHS treatment also increases the amount of IL-1α in keratinocyte supernatant. IL-1 is a cytokine that is released as a first step of hyperproliferative keratinocytes in wound healing pro- IL-6 secretion by keratinocytes promotes keratinocyte migration.
60
IL-2, IL-4 and IL-13 influence keratinocytes but are not secreted by keratinocytes themselves. 54 A connection between IL-12 or IL-5 and keratinocytes has previously not been shown. Therefore, the influence of ISO treatment on cytokine release from keratinocytes should be analysed in more detail. In sum, the scratch assay, ELISA and kinase array revealed that OR51B5 and ISO play important roles in HaCaT and keratinocyte migration, thereby influencing wound healing.
In vivo, basal epidermal keratinocytes are responsible for natural wound healing. 61 Interestingly, immunostainings of human skin sections showed an exclusive expression of OR51B5 in suprabasal keratinocytes, whereas OR2A4/7 is expressed in suprabasal keratinocytes and basal melanocytes. Interestingly, melanocytes are proposed to be key sensory cells of the human skin. [62] [63] [64] Therefore, it would be interesting to investigate whether OR2A4/7 stimulation of different skin cells, including melanocytes, has the same effect. Most importantly, with our findings that epidermal homoeostasis and repair is differently affected by OR2A4/7 and OR51B5, we showed for the first time that keratinocyte behaviour could be differentially modulated by the activation of different ORs. This could be a good approach for the modulated treatment of skin diseases and wound repair. Future experiments with organotypic cultures or transgenic mice of both ORs could be helpful to understand OR function in the skin.
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